Orthogneiss and meta-rhyolite bodies from different crustal levels of the Tseel Terrane in the Mongolian Altai were examined using multidisciplinary approach involving structural geology, whole-rock geochemistry and U-Pb zircon geochronology. The orthogneisses form sheet-like bodies parallel with dominant sub-horizontal metamorphic fabric which was heterogeneously verticalized along localized zones of deformation at boundaries of lower and middle crustal domains. Three samples of orthogneisses yielded Late Devonian LA-ICP-MS U-Pb zircon ages of 373 ± 3, 377 ± 5 and 379 ± 2 Ma (2σ), which are interpreted as crystallization ages of felsic magmas. The meta-rhyolite displays poorly constrained, older U-Pb zircon ages of 380 ± 4 and 403 ± 5 Ma, which are also considered as intrusive. Whole-rock geochemistry, including relatively little fractionated REE patterns, as well as radiogenic whole-rock Nd and zircon Hf isotopic signatures point to a rather primitive source of the granitic protoliths. The high-K calc-alkaline chemistry and LILE over HFSE enrichments in the NMORB-normalized spider plots indicate an arc-related origin. Juvenile character of the studied rocks was confirmed by Nd and Hf crustal residence ages that are mostly 0.8-0.9 Ga. The origin of the metaigneous rocks is interpreted in terms of partial melting of Neoproterozoic to Cambrian magmatic arc-derived material, probably dominated by immature psammitic sediments (graywackes). This study brings important arguments that the orthogneisses do not represent an old crystalline basement previously assumed in the Mongolian Altai. A model is proposed suggesting formation of mature and layered continental crust by syn-orogenic melting of youthful volcanosedimentary wedge and emplacement of sub-horizontal syn-orogenic magmatic sheets at all crustal levels during crustal-scale vertical shortening. The vertical shortening was probably connected to lithospheric-scale extensional event associated with massive heat influx and emplacement of juvenile magmas at the bottom of the crust. It is suggested that this mechanism represents potentially a viable model for cratonization of accretionary systems worldwide.
Introduction
The Central Asian Orogenic Belt (CAOB) (Mossakovsky et al. 1994 ) is a giant accretionary system which developed from Late Proterozoic to Permian between the Siberian, Tarim and Sino-Korean blocks ( Fig. 1 ) (e.g. Şengör et al. 1993; Dergunov 2001; Xiao et al. 2009 ). This orogen was formed by accretion of Cambrian, Ordovician and Devono-Carboniferous arcs, back-arcs and accretionary wedges (Badarch et al. 2002; Lamb and Badarch 2001; Kröner et al. 2007 ; Windley et al. assigned to three global megacycles (Kruk et al. 2015) : Late Cambrian (512-495 Ma), and Late . Magmatism of the Mongolian part of CAOB also concentrated into several major magmatic pulses (Guy et al. 2014a; Cai et al. 2015) : Late Cambrian to Early Ordovician (520-490 Ma), Devonian to Early Carboniferous (398-350 Ma), Late Carboniferous to and . This magmatism was progressively younging to the SW (Fig. 1) as indicated by Late Cambrian-Ordovician arc granitoids intruding Proterozoic rocks (Lake Zone) in the north (Sal'nikova et al. 2001; Rudnev et al. 2009; Janoušek et al. 2015) , Silurian to Devonian plutons intruding the Mongolian or Gobi Altai zones in the centre and Late Carboniferous to Permian plutons mainly occurring in the southerly oceanic terranes (Edren, Baaran, Khuvinkhar) to the south (e.g. Bibikova et al. 1992; Yarmolyuk et al. 2008 ).
The protracted, nearly continuous Late Silurian to Devonian magmatism in Chinese and Mongolian Altai was interpreted to have resulted from re-melting of old Precambrian basement due to massive influx of juvenile melts associated to massive basaltic magma underplating beneath old continental crust (e.g., Wang et al. 2009 ). This model is exclusively based on variable Nd and Hf isotopic signatures from different types of granitoids in Chinese Altai (Jahn et al. 2000b; Wang et al. 2009; Liu W et al. 2012 ) but it has been recently questioned by other authors who have argued that similar isotopic ratios can be produced by melting of accretionary prism composed of both continental and oceanic sediments Xiao et al. 2009; Jiang et al. 2011 Jiang et al. , 2012 . The latter interpretation is supported by the lack of direct observations of deformed and metamorphosed basement rocks covered by Palaeozoic sediments in the Chinese and Mongolian Altai.
Recent study on the Mongolian Altai has revealed a presence of numerous highly deformed orthogneiss bodies within weakly metamorphosed sequences overlain by almost undeformed Carboniferous sediments as well as inside medium-grade to highly metamorphosed deep crustal series (Fig. 2) . These highly deformed felsic gneisses represent an important lithology of Mongolian Altai crust suggesting a possible existence of an old metamorphosed basement covered by Devonian and Carboniferous sediments. These orthogneiss bodies can thus bring pivotal information regarding the nature of Mongolian Altai crust interpreted as a metamorphosedtype terrane of uncertain origin by Badarch et al. (2002) and Cocks and Torsvik (2007) or as a continental-type terrane by Wilhem et al. (2012) .
This paper presents new geological, structural and geochemical data as well as zircon U-Pb ages of various orthogneiss types from different crustal levels of the Mongolian Altai. The characterization of these rocks is used to discuss the crustal structure and composition in the Mongolian Altai and, in particular, the potential presence of old basement.
Geological setting

Geology of tseel terrane
Tseel Terrane (Bibikova et al. 1992 ) is characterized by occurrence of metamorphosed rocks along the southern slopes of the Gobi, Mongolian and Chinese Altai and the Irtysh Shear Zone of East Kazakhstan (Kozakov et al. 2011 ). This unit is composed mainly of Palaeozoic rocks with polymetamorphic history (e.g. Kozakov et al. 2007; Jiang et al. 2012; Burenjargal et al. 2014 ) of uncertain affinity, located between Early Palaeozoic back-arc and arc terranes to the north and oceanic-type Khuvinkhar, Baaran and Edren terranes of the Trans-Altai Zone to the south (Badarch et al. 2002) . Boundaries amongst major tectonic zones were reactivated by the Cenozoic, generally NW-SE trending faults (Cunningham 2005) . Bibikova et al. (1992) distinguished five parts of the Tseel Terrane which are, from the west to the east: Bulgan, Bodonchin, Barlag, Tseel and Tsogt blocks mutually separated by the late Cenozoic faults (Fig. 1) . Demoux et al. (2009a) simplified subdivision of the Tseel Terrane into two, western and south-eastern regions.
The studied area is situated southwest of Tsogt village and west of the NE-SW oriented Tsogt Fault along the Sagsai river (Fig. 2) . Here, the Tseel metamorphic core is bounded by the Devonian to Carboniferous volcanosedimentary complexes in the south and by low-grade Cambrian Tugrug Fm. (Markova 1975) in the north. This large unit composed of graywackes and volcanites is unconformably covered by Lower Devonian limestones and Carboniferous siliciclastic sediments. Its northern contact is generally concordant with faults of the Main Mongolian Lineament to the N and NW. The Tseel metamorphic core is dominated by the sequence of paragneisses and micaschists with subordinate intercalations of amphibolites, gabbroic and granitoid intrusions (Burenjargal et al. 2012) . Metapelites of the Tseel Block were affected by Barrovian metamorphism ranging from biotite to kyanite/ sillimanite zones (Burenjargal et al. 2014) . Peak P-T conditions attaining the kyanite stability field were estimated to 560 ± 10 °C and 6.5 ± 0.5 kbar (Burenjargal et al. 2012) .
The high-grade rocks of the so-called Tsogt Block (Bibikova et al. 1992 ) form a NW-SE trending belt south of the Tsogt village on the SE southern slopes of the Mongolian Altai. Here crops out strongly deformed sequence of migmatites, biotite and tonalite gneisses, orthogneisses, amphibolites and gabbros including small lenses of granulites (Kozakov et al. 2002) . Peak P-T conditions of intermediate orthopyroxene-bearing rocks were estimated to 870 °C and 5.7 kbar by the same authors and were associated with extensive melting of all lithologies. Burenjargal et al. 2014) . Most authors agree that these protoliths were metamorphosed during Devonian (between ~385 and 377 Ma) in the whole Tseel Terrane based on U-Pb zircon dating of orthopyroxene granulites by Kozakov et al. (2002) or migmatitic paragneisses by Jiang et al. (2012) and Burenjargal et al. (2014) . Typical feature of the Mongolian Altai is the presence of Late Carboniferous to Early Permian granitoids and pegmatites which intruded the Tseel Terrane at 320 to 260 Ma Kozakov et al. 2011; Burenjargal et al. 2014 and this volume) .
Previous geochronology of the tseel terrane
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Analytical techniques
3.1. Whole-rock geochemistry 
Sr-nd isotopes
For the radiogenic isotope determinations, samples were dissolved using a combined HF-HCl-HNO 3 digestion. Strontium and REE were isolated from the bulk matrix by the column chromatography techniques using TRU and Sr resins by Triskem Int. (Pin et al. 1994) . The Nd was further separated from the REE fraction with Ln resin (Pin and Zalduegui 1997) . Further analytical details were reported by Míková and Denková (2007 Whitney and Evans (2010) .
(2σ, n = 10)) and NBS 987 ( 87 Sr/ 86 Sr = 0.710239 ± 26 (2σ, n = 17)) standards. The decay constants applied to age-correct the isotopic ratios are from Steiger and Jäger (1977-Sr) and Lugmair and Marti (1978 -Nd Liew and Hofmann (1988) .
u-Pb geochronology
Four samples representing orthogneiss bodies of the eastern wedge of the Tseel Block were dated. Zircons were separated using heavy liquid and magnetic techniques, and then purified by hand picking under a binocular microscope (Central Geological Laboratory Ulaanbaatar). Zircon grains larger than 50 μm were selected and mounted in epoxy resin. The mounts were then polished.
Cathodoluminescence (CL) imaging was taken on a CAMECA SX-100 electron microprobe equipped with a MonoCL3 CL spectrometer at the Institute of Petrology and Structural Geology, Charles University in Prague. Zircon dating used an ArF excimer 193 nm laser ablation system (Resolution M-50) coupled with a Nu Plasma HR MC-ICP-MS at the Department of Earth Sciences of the University of Hong Kong, following the analytical procedure described by . Most analyses were performed with a beam diameter of 40 µm, 5 Hz repetition rate and energy of ~ 5 J/cm 2 per pulse. Zircon standard 91500 was used for calibration. The mass fractionation correction and isotopic results were calculated by ICPMSDataCal (version 7.0, Liu Y et al. 2008) . The age calculations and concordia plots were done using ISOPLOT (version 3.7, Ludwig 2003) . Individual analyses are presented with 1σ error in the data table and in concordia diagrams, and uncertainties in mean age calculations are quoted at the 95% level (2σ).
Hafnium isotopes
Zircon Lu-Hf isotopic analysis was carried out by a Neptune Plus multi-collector ICP-MS equipped with a Resolution M-50 laser-ablation system at Guangzhou Institute of Geochemistry, Chinese Academy of Science. The measurements were conducted on selected large dated zircon grains, with a beam diameter of 45 μm, 8 Hz repetition rate, and energy of 80 mJ. Helium was used as carrier gas and some nitrogen was added in gas line to enhance the sample signal. The signal collection mode was one block with 200 cycles for each analysis, which consisted of 30s gas blank collection and 30s laser ablation. Griffin et al. 2004 ). Because zircons were formed in granitic magma derived from felsic crust, a "crustal" model age is considered more meaningful (Griffin et al. 2004 ). In present work, this model age (T D C M ) was calculated for each zircon grain, assuming the mean 176 Lu/ 177 Hf ratio of 0.0093 for the upper continental crust (Amelin et al. 1999 ).
Geology of orthogneiss bodies
This study is focussed on felsic gneissic bodies of varied crustal levels defined according to degree of metamorphism and prevailing lithologies. The uppermost crustal level is represented by up to 3 km wide tectonic sheet of orthogneiss called here the Southern Orthogneiss Belt (SOB) which crops out between phyllites of the Tseel metamorphic core and Devono-Carboniferous volcanosedimentary complex of the Khuvinkhar Terrane to the south (Figs 1-2). Northern boundary of the SOB is marked by NNW-SSE trending zone of intense greenschist-facies deformation up to one kilometre wide. In contrast, the orthogneiss sheets at the southern SOB boundary were either folded together with low-grade metasediments or reworked by younger faults. Principal rock type forming the SOB is a coarse-grained biotite orthogneiss with large pink sigmoidal porphyroclasts (augen) of K-feldspars in less deformed varieties (Fig. 3a) . Orthogneiss are compositionally rather homogenous with locally preserved mafic (microdiorite) enclaves. Coarsegrained orthogneisses show generally banded structure with quartz ribbons and recrystallized quartz-feldspathic matrix wrapping around the deformed K-feldspar phenocrysts. Modal composition includes quartz, K-feldspar, plagioclase, biotite and muscovite; sericite, chlorite and zoisite are secondary. Ilmenite, magnetite, zircon and apatite are the common accessoric minerals.
Middle crustal level is represented by sheets of fine-to medium-grained orthogneisses and their medium-grade host rocks exposed along the NE margin of mediumgrade Tseel metamorphic core. This NW-SE oriented belt is called here the Northern Orthogneiss Belt (NOB) and consists of tabular orthogneiss bodies intercalated with two-mica paragneisses, mica-schists and amphibolites. Intrusive character of granite precursor of these gneisses is confirmed by the occurrence of metapelite xenoliths in less deformed varieties (Fig. 3b) . The NW termination of the NOB is characterized by transition of orthogneiss to meta-rhyolite with locally preserved agglomerate textures (Fig. 3c ). In contrast, in the SE part of the NOB the orthogneiss sheets alternate with amphibolites and high-grade paragneisses. The orthogneiss forming the central part of the NOB shows a characteristic granoblastic polygonal structure with homogenous grain size (0.2-0.4 mm) and sub-equant, irregularly shaped mineral grains. The rock consists of quartz, K-feldspar, plagioclase, muscovite, biotite ± garnet, secondary chlorite and epidote together with accessoric ilmenite, titanite, and zircon. Relics of corroded phenocrysts of K-feldspars and oscillatory-zoned plagioclases are preserved locally. Narrow meta-rhyolite sheet is also exposed inside the phyllites between the NOB and SOB. Here, quartz grains prevail over feldspars in the granoblastic matrix, which contains feldspar and quartz porphyroclasts. The foliation is defined by preferred orientation of biotite and muscovite flakes.
The deepest crustal level orthogneiss bodies form an important part of the highly metamorphosed Tsogt Block (Eastern Orthogneiss Belt -EOB). Here, texturally variable orthogneiss types are intercalated with layers of amphibolites and paragneisses (Fig. 3d ). These sequences lithologically resemble those occurring in SE termination of NOB. The main orthogneiss type is formed by granoblastic quartz-feldspar matrix with tiny (up to 1 mm) porphyroblasts of quartz and K-feldspar and less abundant biotite with secondary epidote and chlorite.
Structural characteristics
Structural data were divided in four structural domains (Fig. 4) according to previously distinguished crustal levels and prevailing structural style: the high-grade infrastructure (HGI), medium-grade infrastructure (MGI), southern low-grade domain (SLG) and the zone of localized high-intensity deformation (DZ) separating the southern from both infrastructure domains. These structural domains show sequence of three heterogeneously developed deformation fabrics. The S 1 metamorphic fabric reworking S 0 stratification is only rarely preserved being almost entirely transposed by ubiquitous foliation S 2 associated with recumbent isoclinal F 2 folds. All structures were affected by late upright folding F 3 connected with greenschist-facies, steep cleavage S 3 in several localized deformation zones.
High-grade infrastructure (HGI)
The structural record is represented by NW-SE striking compositional layering defined by alternation of ortho gneiss sheets, amphibolite and metasedimentary layers parallel to metamorphic foliation S 2 dipping steeply to gently either to the NE or SW (Fig. 5 ). This composite fabric is associated with recumbent, close to isoclinal folds F 2 (Figs 6a, 7) with axes plunging either to the NE or gently to the WSW, while mineral lineations are mainly plunging to the NE. The F 2 folds are similar in geometry and reveal cuspate-lobate relationships between these two lithologies suggesting low viscosity contrast between gneisses and schists during folding and D 2 transposition. This implies that the recumbent F 2 folding occurred at relatively elevated temperatures allowing convergence of viscosities of two rheologically contrasting rock types. The girdle pattern of poles to the S 2 fabrics originated through D 3 refolding of originally gently NW-dipping package of gneisses by open to close upright folds F 3 of various scales ( Fig. 6b ) with WNW-trending horizontal hinges (Figs 5, 7).
medium-grade infrastucture (mGI)
In this unit, the structural record (Fig. 5 ) is represented by highly foliated orthogneisses alternating with micaschists and amphibolites (Fig. 6c) . The orthogneisses of the NOB form NW-SE trending sheet-like bodies, which terminate in the NW by a brachyanticlinal fold closure gently plunging to the N (Fig. 2) . The S 2 foliation defined by compositional layering and penetrative schistosity is steeply dipping either to the NE or SW and forms uncomplete NE-SW oriented girdle (Fig. 5 ). The S 2 fabric bears mainly NW to SE plunging stretching and mineral lineation L 2 (Fig. 5 ) parallel to F 2 fold hinges. High degree of D 2 transposition is indicated by relics of hinges of rootles folds (Fig. 7) . Meta-rhyolites in the north of the NOB and associated phyllites are concordant to higher grade gneisses to the SE and show similar polyphase deformation history. Similarly to HGI, all MGI lithologies are reworked by upright NW-SE trending F 3 folds with sub-horizontal hinges (Figs 5, 7) . 
Zone of localized high-intensity deformation (DZ)
The DZ is a narrow E-W oriented zone of intense D 3 deformation separating the medium-grade infrastructure from the southerly low-grade domain (Fig. 4) . It affected the northern part of the SOB and is represented by pervasive greenschist-facies deformation of the coarse-grained augen orthogneiss producing ultramylonites and phyllonites. This deformation was associated with development of ubiquitous NW-SE striking mylonitic foliation dipping homogeneously to the NE as well as mineral and aggregate lineation which forms a NW-SE trending girdle with SW maximum (Fig. 5) . However, this apparently simple structural pattern has resulted from folding and steepening of the S 2 fabric, which is commonly preserved in limbs of upright NW-SE trending F 3 folds. Here, the steep NW-SE trending S 2 foliation bears mineral lineation plunging either steeply NE or to the SW, i.e. almost orthogonally to orientation of F 3 folds (Fig. 5) .
Southern low-grade domain (SlG)
The D 3 deformation intensity rapidly decreases to the south where the SLG (Fig. 4) exhibits the most complete structural record from the whole studied area. The poles to bedding S 0 in the Carboniferous sediments and poles to S 0-1 fabric in the Devonian volcanics and sediments form a wide NE-SW trending girdle (Fig. 5 ). The S 2 foliation is best preserved in the eastern part of the studied area, close to the MGI boundary (Fig. 7) . Here, this low-grade fabric is dipping sub-horizontally or to the SW under various angles. The poles of S 2 thus also form NE-SW trending girdle (Fig. 5) . Bedding surfaces S 0 in Carboniferous sediments, S 0-1 and S 2 fabrics of underlying Devonian metasediments and phyllites of non-specified age are reworked by sub-vertical, nearly NW-SE trending cleavage associated with upright open to close F 3 folds (Fig. 5 ) which are parallel with corresponding structures in the DZ. The NNE-SSW trending girdle of poles of S 1 , S 2 schistosity and S 0 bedding surfaces form β-axis parallel to axes of mesoscopic F 3 folds implying that both bedding and S 1-2 foliations have been sub-horizontal prior to the upright F 3 folding (Figs 5, 7) . In summary, the structural domains forming the studied area reveal polyphase tectonic evolution of orthogneiss bodies, their host phyllites and mica schists as well as southerly Devono-Carboniferous sediments. All structural domains show a sequence of three deformation events except Carboniferous sediments lacking D 1-2 structures. Importantly, the gneisses form sheet-like bodies, which were aligned parallel to originally sub-horizontal S 2 fabric (Fig. 7) . Such a crustal-scale layering developed across the whole crustal column and metamorphic gradient. Finally, this horizontal layering was heterogeneously reworked and steepened along zones of D 3 deformation, from which the "DZ" was the most important (Fig. 4) .
Results of geochemistry and geochronology
Orthogneiss and rhyolite bodies were sampled from all crustal levels of the studied area. The sampling locations are shown in Fig. 2 and description of samples is presented in Tab. 2.
Whole-rock geochemistry
Orthogneisses can be classified on the basis of the mesonormative Q'-ANOR diagram (Streckeisen and Le Maitre 1979) (Fig. 8a) as granodiorite (SOB), granodiorite to tonalite (NOB) and granite to granodiorite (EOB). While the sample of the NOB meta-rhyolite indeed corresponds to rhyolite in the SiO 2 -Zr/TiO 2 plot (Winchester and Floyd 1977) (Fig. 8b) , the other meta-rhyolites straddle the boundary of the adjacent rhyodacite/dacite field. Silica abundances (Tab. 3) range between 72.3 and 74.6 wt. % in rhyolites and between 67.6 and 77.0 wt. % in orthogneisses. In general, the rocks from the SOB are the least, and rhyolites with the EB orthogneisses the most, siliceous. The K 2 O/Na 2 O ratios (by weight) are variable, but mostly less than unity (0.23-1.36, median = 0.69; only the NOB orthogneiss V039a has K 2 O/Na 2 O = 4.62). This may point to a possible variability of alkalis in some of the samples.
Based on the cation plot of Jensen (1976), the rocks form a single calc-alkaline suite (Fig. 8c) . In the Co-Th diagram (Hastie et al. 2007) (Fig. 8d) , a more robust replacement for SiO 2 vs. K 2 O plot (Peccerillo and Taylor 1976) for altered/metamorphosed igneous rocks, all samples except V039b show a high-K calc-alkaline chemistry.
All samples are subaluminous, as shown by the A/ CNK index (Shand 1943) ranging between 0.98 and 1.11. The only exception represents the sample V039a with an elevated A/CNK value (1.38). The Rb/Sr ratios range 0.32-0.42 for meta-rhyolites, but are rather variable but still low for orthogneisses (0.07-1.16) (Tab. 4).
In the NMORB-normalized (Sun and McDonough 1989) spider diagrams, all metaigneous rocks are mutually well comparable (Fig. 9 ). All are characterized by strong enrichment in Large Ion Lithophile Elements (LILE), U, Th, Pb, and pronounced depletion in High Field Strength Elements (HFSE: Nb, P and Ti); the normalized HREE contents are mostly close to unity. The meta-rhyolites differ from the orthogneisses by slightly lower Cs, Rb, U and Th contents. Chondrite-normalized (Boynton 1984) REE patterns of orthogneisses are generally U-shaped (convexdownward), being characterized by a moderate degree of LREE fractionation and mostly weak negative Eu anomalies (La N /Sm N = 3.2-7.4, La N /Yb N = 7.3-9.4, Eu/Eu* = 0.85-0.55, ΣREE = 110-238 ppm) (Tab. 5, Fig. 10 ). The only exceptions represent the samples V039b (NOB) and D214 (EOB). The former shows decreased contents of REE, especially the heavy ones, and a slight positive Eu anomaly (La N /Sm N = 5.8, La N /Yb N = 28.6, Eu/Eu* = 1.18, ΣREE = 76 ppm). The latter has a deep U shape, with markedly elevated HREE (La N /Sm N = 14.1, La N / Yb N = 21.5, Eu/Eu* = 0.66, ΣREE = 141 ppm). The REE patterns of the meta-rhyolites do not differ much from the 'normal' orthogneisses (La N /Sm N = 3.8-5.7, La N /Yb N = 9.1-11.9, Eu/Eu* = 0.68-0.81, ΣREE = 136-219 ppm).
In accord with the HFSE depletion observed already in NMORB-normalized spiderplots, orthogneiss and metarhyolite samples fall within the Volcanic Arc Granite field of the tectonic discrimination diagrams by Pearce et al. (1984) (e.g., Fig. 11a ) and to the Active Continental Margins field in Yb-Th/Ta plot by Schandl and Gorton (2002) (Fig. 11b) .
Whole-rock nd isotopic composition
Whole-rock Nd isotopic compositions were obtained in order to constrain the prospective source and crustal residence age of the protolith(s) to the studied metaigneous rocks. The new data, age-corrected to 375 Ma, are summarized in Tab. 6.
With a single exception of the sample V039a, the orthogneisses show mutually well comparable, positive ε (Fig. 12a) . The Northern Orthogneiss Belt, on the other hand, is significantly more variable. Fig. 13a ). Two show older ages of 431 ± 12 Ma and 508 ± 15 Ma respectively.
Tab. 4 Trace-element whole-rock geochemical analyses (ppm)
V039a
Zircons for sample K132 range in length from 100 to 300 µm with an average length/width ratio of 2 : 1 to 3 : 1. Clear cores are relatively small (about 40 µm) and pass early into oscillatory-zoned outer mantle. Zoning is locally irregular or accompanied by zones or spots of strikingly high luminescence. Some grains contain darker domains and spots that arose most likely due to different growth ratios and were cogenetic to the mantle part and not to an older core. Eight grains from sample K132 gave a weighted mean 206 Pb/ 238 U age of 377 ± 5 Ma; distinctly older age of 739 ± 23 Ma was obtained from one grain (Tab 7, Fig. 13b ).
Taken together, the zircon ages from two samples of the SOB provided consistent set of geochronological data. The ages of 373 ± 3 Ma and 377 ± 5 Ma are interpreted as crystallization ages of the parental granitic magma. The older ages of 398, 432, 508 and 739 Ma (Tab. 7) represent most likely xenocrysts from the country rocks.
Because both specimens come from the same unit, only zircons from sample K132 have been analyzed for (Fig. 12b, Tab. 8 ).
Orthogneiss of the eastern Orthogneiss Belt (Y229)
Zircons from the sample Y229 are subhedral to anhedral, variably corroded, of originally equant shape. Their CL imagery reveals indistinctive sector zoning with locally preserved oscillatory zoning. Most of zircons display only a weak luminescence. Thirteen grains were selected for isotopic analysis. Seven of them form a cluster of concordant points with a weighted mean 206 Pb/ 238 U age of 379 ± 2 Ma (Fig 13c) , which, most likely, represents the crystallization of the orthogneiss protolith. Analysis of two additional grains yielded concordant ages of 439 ± 2 and 531 ± 6 Ma, respectively. These grains are interpreted as xenocrysts derived from the country rocks. Four analyses yielded discordant ages, probably due to Pb-loss, and these are not further discussed here. (Fig. 12b, Tab. 8 (Liew and Hofmann 1988) aspect ratio 1 : 3, equant/short prismatic grains 100-150 µm across and grain fragments. The first type -long prismatic zircons -displays distinct sector zoning with strong CL contrast; smaller and short prismatic grains show sector or oscillatory zoning.
Eight analyses of the oscillatory-zoned grains were conducted. Two of them yielded concordant ages of 380 ± 4 and 403 ± 5 Ma, respectively. Four analyses form a cluster of concordant points with a weighted mean 206 Pb/ 238 U age of 530 ± 6 Ma (Fig. 13d) . (Fig. 12b, Tab. 8 ).
Discussion
The main questions arising during the current study have been: 1) Which deformation event transformed granitoids to orthogneisses? 2) Did the crust of Mongolian Altai represent an old continental crustal segment or rather a young type of crust with structure typical of accretionary systems? The former issue was addressed by structural analysis, the latter by geochronology and whole-rock geochemistry. Altogether the new data constrain origin of these spectacular orthogneiss bodies, which, as we believe, provide insight into the question of possible existence of basement underlying the Mongolian Altai.
Deformation and metamorphism of mongolian altai granitoids at different crustal levels
Geological relationships and structural analysis of orthogneisses, meta-rhyolites and host-rock metasediments reveal a complex polyphase history which can be summarized as follows. 1) All units show, at least in relics, sub-horizontal metamorphic schistosity S 2 overprinting bedding in low-grade pre-Carboniferous units or S 1 foliation in higher grade infrastructure. 2) This principal fabric is associated with recumbent mesoscopic folds with variable orientation of fold hinges. 3) All previous were refolded by upright F 3 folds with horizontal NW-SE trending hinges. 4) Carboniferous sequences do not reveal presence of neither metamorphic schistosity S 1 and S 2 nor recumbent folds F 2 . Various field observations document (Fig. 5 ) that the foliation S 1 was at high angle to S 2 implying originally steep attitude prior to the D 2 deformation. In contrast, restoration of S 2 foliation and F 2 folds into pre-D 3 position indicates that S 2 was sub-horizontal and F 2 , L 2 oriented generally in N-NE direction. Field observations suggest that the intensity of sub-horizontal metamorphic fabric and recumbent folding increases with the depth where felsic gneisses, tonalites, gabbros and amphibolites show effects of pervasive D 2 deformation. In contrast, the D 2 deformation is heterogeneous in the Devonian sediments. The degree of D 3 deformation significantly increases towards the boundaries of HGI and MGI domains. In particular, D 3 forms wide zone of intense sub-vertical greenschist-facies mylonitic fabric at the SLG and MGI boundary. It is very weak in the SLG and in most of the MGI and HGI.
Protolith to the orthogneiss in Tseel Terrane could represent granitoids of Cambrian to Devonian ages Burenjargal et al. 2014) . Our study shows that these bodies were transposed, gneissified and metamorphosed together with surrounding metasediments and amphibolites and could have been pre-or syn-tectonic with the main D 2 Devonian metamorphic event which can be attributed to horizontal flow of deep crust (Broussole et al. 2015; Jiang et al. 2015; Zhang et al. 2015) . Lack of D 1-2 fabrics in the Carboniferous volcanosedimentary series implies that these basins originated syn-to posttectonically with this event. When affected by late D 3 deformation, the whole rock package was significantly horizontally shortened. This late deformation most likely resulted from Permian NE-SW horizontal shortening which reworked heterogeneously the whole region of Mongolian Altai Guy et al. 2014b) .
The layered horizontal architecture of studied area is typical of continental crust dominated by felsic gneiss sheeted bodies interlayered with packages of metasediments. It can originate either by imbrication of basement thrust sheets in both compressional and extensional settings or by sill-like intrusions of syntectonic granitoids parallel to horizontal anisotropy. However, as is often the case, the structural analysis alone cannot provide convincing interpretation of complex magmatic and metamorphic history of orogenic belts and other tools are needed to provide a plausible model of crustal growth mechanisms. It is in particular high-resolution geochronology and whole-rock geochemistry, which can yield robust information supporting geological models thereby allowing grasping even most complex crustal growth scenarios.
age and character of the protolith to the orthogneisses
Two samples of coarse-grained orthogneiss exposed along the southern rim of the Tseel Complex yield consistent Late Devonian (Frasnian) ages of 373 ± 3 and 377 ± 5 Ma. They are, together with the age of 379 ± 2 Ma for finegrained orthogneiss from the Eastern Orthogneiss Belt, interpreted to date crystallization of zircons from a granodioritic-tonalitic magma. All three ages are in good accordance with published magmatic ages of metagranite from western part of the Tseel Block (385 ± 5 Ma: Burenjargal et al. 2014; 372 ± 3 Ma: Cai et al. 2015) and of plagiogranite from the Tsogt Block (371 ± 2 Ma: Bibikova et al. 1992).
Relatively low Rb/Sr ratios, I-type major-element geochemistry, REE patterns with only weak negative Eu anomaly and radiogenic Hf isotopic signatures in the dated zircons all point to a rather primitive source of the protoliths to the orthogneisses. Still, their petrological character (metamorphosed granites-tonalites) and, in particular, conspicuous lack of more basic bodies effectively rules out a major role for mantle-derived melts. The studied rocks display high-K calc-alkaline chemistry (Figs 8c-d) and the NMORB-normalized spider plots are characterized by enrichment in LILE and depletion in HFSE. Such compositions are typical of igneous rocks in magmatic arcs (e.g., Saunders et al. 1991; Pearce and Parkinson 1993; see also Figs 9, 11) .
However, in case of absence/paucity of associated basic magmatic rocks, like ours, a caution should be exercised in interpretation of the geotectonic setting of granitoid rocks. Often, their arc-like signature is equivocal as it may be inherited from remelted metaigneous, arc-related rock suites (Arculus 1987) , or immature sediments containing arc-derived detritus (Roberts and Clemens 1993; Janoušek et al. 2010) .
Based on geochemistry, the studied orthogneisses can be most likely interpreted as a product of crustally derived, subaluminous melt crystallization. The relatively low A/CNK values, Rb/Sr (mostly below unity) and Rb/Ba (< 0.45) as well as high CaO/Na 2 O ratios (0.15-0.84) are typical of magmas generated by partial melting of feldspar-rich psammitic or intermediate meta-igneous sources (Sylvester 1998; Jung and Pfänder 2007) . Such a notion is also supported by the major-element plots of Gerdes et al. (2002) and Jung and Pfänder (2007) shown in Fig. 14 .
The relatively radiogenic Nd in all studied metaigneous rocks (except the sample V039a) result in positive ε values indicate rather juvenile parentage while the Hf mean crustal residence ages document a dominance of a (possibly recycled) Neoproterozoic crustal material in the source of the studied igneous rocks (Fig. 12b) . The presence of material derived from pre-existing continental crust is further indicated by studied pre-Devonian zircon xenocrysts and inheritance. While ages of c. 430-440 Ma are not known from the Tseel and adjacent terranes (Tab. 1), ages of c. 510-530 Ma correspond well with those of magmatic rocks in the Lake Zone (e. g. Dijkstra et al. 2006; Hrdličková et al. 2010; Rudnev et al. 2012 Rudnev et al. , 2013 Jian et al. 2014) . Moreover, the age of ~740 Ma resembles that known from coarse-grained orthogneiss of the Zamtyn Nuruu range, also in the Lake Zone (Demoux et al. 2009b; Hanžl et al. 2014 ) Therefore, the lower-middle crust underlying the studied region seems to have an affinity to the Neoproterozoic rocks of the Lake Zone.
age and likely genesis of the metarhyolites related to orthogneiss belts
Only two grains from our meta-rhyolite sample yielded concordant ages of c. 380 and 403 Ma that could be interpreted as timing the igneous crystallization. These ages fit well with that of meta-rhyolites from the easternmost part of the Tsogt Block (~397 Ma; Demoux et al. 2009a) and with the age of main thermal event in the Tseel Terrane (Kozakov et al. 2002; Burenjargal et al. 2014) . The ~530 Ma population is interpreted as xenocrysts and their age corresponds to the inheritance from two other newly dated orthogneiss samples and meta-rhyolite from the eastern Tsogt Block (Demoux et al. 2009a ). These authors interpreted meta-rhyolites as volcanic rocks of convergent continental margin with crustal residence age < 0.8 Ga, which is moreless in accord with our whole-rock Nd (Fig. 12b) . On the other hand, the lower limit of the rhyolite T D C M model ages is 0.65 Ga, i.e. Neoproterozoic. Regardless these small differences, the highly positive whole-rock ε 
Genesis of orthogneisses in the tseel
terrane and implications for formation of mongolian altai continental crust
The nature of the basement underneath the Tseel metamorphic rocks is a fundamental issue of proposed petrogenetic models of Mongolian and Chinese Altai granitoids (Jahn et al. 2000a; Cai et al. 2011 ) and geodynamic position of Mongolian Altai terranes (Wilhem et al. 2012) in the frame of the whole CAOB. However, the presence of such a pre-Devonian metamorphic basement with discordant Palaeozoic sedimentary cover was reported in the Mongolian and Gobi Altai only in former geological maps and papers, mainly by Russian authors (e.g. Rauzer et al. 1987 ) and designated as Riphean to Early Proterozoic based on geological mapping and lithological correlations. This study describes rocks appearing, at the first glimpse, to be the best candidate for an old crystalline basement but geochronology and geochemistry clearly rule out such a possibility. Instead, the structural geology, geochemistry and isotopic dating of Mongolian Altai orthogneisses suggest that highly gneissified granitoids do not represent old basement imbricated with sediments but strongly deformed, gneissic Devonian granitoids. The source of such Devonian magmatism could be seen in melting of graywacke-dominated (Fig. 14) volcanosedimentary unit of Early Palaeozoic age with strong contribution of Late Proterozoic primitive rocks from the northerly Lake Zone as whole-rock Nd and zircons Hf isotopic compositions indicate.
This implies that the orthogneisses were originally emplaced as syn-orogenic granitic bodies during crustalscale vertical shortening event probably in form of sills parallel to the main sub-horizontal orogenic fabric. The abundance of orthogneiss sheets increased with the depth together with gabbros, migmatites and non-gneissic tonalites as exemplified by the current geology of the Tsogt Block. In contrast, the upper and middle crust represented by Tugrug Fm. and Tseel metamorphic sequences are characterized by presence of isolated orthogneiss bodies, rare gabbros, rhyolites and undeformed granites of Devonian age (e.g. Burenjargal et al. 2014) .
These observations indicate that the Devonian magmatism (both felsic and mafic) combined with melting of youthful graywacke-dominated complex and emplacement of syn-tectonic intrusions of granitoids probably completely transformed the lower crust of the Mongolian Altai. In contrast, the middle and upper crust preserves its original Early Palaeozoic lithological architecture being only marginally affected by Devonian magmatism and volcanism. Heterogeneous exhumation of deep magmatic and migmatitic edifice was also responsible for juxtaposition of lower crust with abundant Devonian granitoids to supracrustal meta-sedimentary rocks. Late Permian horizontal shortening welded deep crustal granitoids with supracrustal intrusions and their host rocks and transformed originally vertical crustal zoning to horizontal one. Such a complex crustal pattern has been also responsible for erroneous use of terrane approach in Mongolian and Chinese Altai, because the "terrane boundaries" coincide with Permian deformation zones, which bound different crustal levels of Mongolian Altai.
This study brings important arguments for the absence of an old crystalline basement in Mongolian Altai, which may modify substantially our current view on geodynamics of this critical region. An alternative model can be proposed suggesting formation of continental crust by syn-orogenic melting of youthful greywacke-dominated complex and emplacement of syn-tectonic intrusions of granitoids during orogen-scale vertical shortening. Such a process represents potentially a viable model for cratonization of accretionary systems worldwide.
